An experimental investigation has been performed to study the thermal, effective and exergetic performances of a double flow packed bed solar air heater having wire mesh as porous packing in its upper duct. The experiment is encompassed with the variables like packing bed height, mass flow rate of air and the solar radiation intensity. Experimental data has been collected for specified range of system and operating parameters to calculate the temperature rise parameter, thermal efficiency, effective efficiency, entropy generation and exergetic efficiency and to study the effects of system and operating parameters. Also, comparisons of packed bed solar air heater with that of smooth solar air heater of the conventional type have been presented. The results of experimental analysis on the performance of double flow packed bed solar air heater with wire mesh packing in the upper duct can be useful in designing such solar air heaters.
INTRODUCTION
Solar air heaters have been widely used because of their inherent simplicity and low manufacturing cost. The major application of solar energy collector is to heat the fluids. It is also used for drying of vegetables, fruits, grains and other agricultural products and in industries for various heating and cooling purposes. Exergy efficiency is generally used to introduce and compare thermal systems including flat plate solar collectors despite the fact that the first law of thermodynamics is not solely capable of demonstrating its quantitative and qualitative performances. The main part of flat plate collector is a single black absorber plate which absorbs solar energy and transfers the thermal energy to a carrier fluid (air or water). Because of this, the thermal efficiency of the collector is comparatively lower. Use of porous packing material in the collector duct considerably enhances the energy collection and heat transfer rates by increasing heat transfer coefficient between the carrier fluid and absorber in the solar collector duct. Akpinar and kocyigit [1] made an experimental analysis of a new flat plate solar air heater with various obstacles and without obstacles. In this work first and second law efficiencies were determined for solar air heaters and also compared them. Leiner et al. [2] optimized the design of absorber and flow duct by maximizing the net energy flow. Bahrehmand et al. [3] studied the energy and exergy analysis of different solar air heaters with forced convection. In this work, a mathematical model was developed for simulating the thermal behavior of single and two glass covers solar air heating systems with forced convection flow and concluded that the systems with fin are more efficient than other existing systems from the energy and exergy efficiencies point of view. Benli [4] carried out experimental analysis to determine energy and exergy efficiency of a new solar air heater having different surface shapes with an aim to provide a remedy for the low thermophysical properties of air which is used at different absorber surface of air heater. This work focused on the experimental performance of four types of air heating solar collectors: reverse corrugated, base flat-plate corrugated, trapeze and reverse trapeze for exergy analysis. Bouadila et al. [5] carried out energy and exergy analysis of a new solar air heater having a packed bed latent heat energy storage system using Phase Change Material in the form of spherical capsules and optimized the energy and exergy efficiency based on first and second laws of thermodynamics respectively for obtaining the performance of the system on the basis of temperature distribution in different parts of the collectors. Chen et al. [6] investigated experimentally the comparative study of different flat plate solar collectors and the traditional metal solar collectors and solar collectors specimens fabricated from polymeric materials and concluded that the efficiency of a polymeric collector is 8-15 % lower than the efficiency of a traditional collector. Esen [7] presented experimentally the energy and exergy analysis of double flow solar air heater having different obstacles on absorber plates. Farzaneh-Gord et al. [8] proposed a new system, which is having the feasibility of employing solar heat storage system in terms of fuel provided and energy destruction rate. Fudholi et al. [9] reviewed the solar drying system with air based solar collectors, which are environmentally friendly. Golneshan and Nemati [10] did the analysis of energy of unglazed transpired solar collectors (UTG). They found the optimum working temperature and suggested to determine the most effective and least expensive geometry. Panwar et al. [11] reviewed on energy and exergy analysis of solar drying systems and analyzed a holistic approach on energy and exergy of a solar dryer. Park et al. [12] Studied the energy and exergy analysis of typical renewable energy systems. Sabzpooshani et al. [13] evaluated theoretically the exergetic performance of a single pass baffled solar air heater and investigated the effect of variation of fin and baffle parameters, the number of glass covers, bottom insulation thickness and inlet air temperature at different mass flow rates on the exergy efficiency. Soundararajan et al. [14] established the energy flow diagrams in the form of Sankey diagrams as a useful tool in energy managements and performance improvement. Ucar and Inalli [15] investigated experimentally the thermal and exergy analysis of solar air collectors with passive augmentation technique and concluded that the largest irreversibility is occurring at the conventional solar collector in which collector efficiency is smallest. Yadav et al. [16] evaluated the exergetic efficiency of roughened solar air heater duct provided with protrusions arranged in arc fashion over the absorber plate. Singh et al. [17] analytically investigated the thermal performance characteristics of artificially roughened double flow solar air heater and reported that the performance can be enhanced by using roughness on both sides of the absorber plate. Kurtbas and Durmus [18] performed the efficiency and exergy analysis of a new solar air heater by considering fire solar collectors with four different cases and evaluated the heat transfer and pressure loss depending on shape and number of absorbers. Nwosu [19] optimized the exergy analysis on pin fins in the design of an absorber in a solar air heater which improves the heat absorption and dissipation potential of a solar air heater. Lalji et al. [20] evaluated the exergy analysis of packed bed solar air heater and also investigated experimentally the heat transfer and friction factor for flow in a packed bed solar air heater at different mass flow rates of air for various porosities and shape of matrices. Jafarkazemi and Ahmadifard [21] studied the effect of parameters on the energy and exergy efficiency of flat plate collector. Oztop [22] reviewed the energetic and exergetic aspects of solar air collectors varied from 47% and 89%. Bayrak et al. [23] studied the performance assessment of porous baffles inserted solar air heaters using energy and exergy analysis method and obtained that the highest collector efficiency and air temperature rise are achieved by solar air heater with baffle thickness of 6 mm and air mass flow rate of 0.025 kg/s. Kalogirou et al. [24] reported the exergy analysis on solar thermal systems. Sahu and Prasad [25] made an investigation on exergetic performance evaluation of solar air heater with arc-shaped wire rib roughened absorber plates. They studied the effect of roughness parameters on exergy efficiency. Sharma et al. [26] investigated experimentally the thermal performance of a single flow solar air heater having its duct packed with blackened wire screen matrices. They concluded that thermal performance of plane collector is improved appreciably by packing its duct with blackened wire-screen matrices and this improvement is a strong function of the bed and operating parameters. Yeh et al. [27] investigated experimentally the collector efficiency of double flow solar air heaters with fins attached over and under the absorber plate. Karim & Hawlader [28] investigated performance of flat plate, v-corrugated and finned air collectors for a wide range of operating and design conditions.
A review of the above literature indicates that no experimental investigation on the performance analysis of the double flow SAH, having its upper duct packed with porous absorber in the form of blackened wire screens and lower duct as smooth, has been reported. In view of this, the present study aims to investigate experimentally the thermal, thermohydraulic and exergetic efficiencies of a double flow packed bed SAH. The effects of system and operating parameters on the performance of double flow packed bed SAH have also been studied.
DESCRIPTION OF EXPERIMENTAL WORK

Experimental set-up
The experimental set up, consisting of a single flow smooth plate SAH and a double flow SAH, has been designed and fabricated for the experimentation. Blackened wire screens have been used as the porous packing material only in the upper duct of double flow solar air heater as shown in Fig.1 . The Pictorial view of the experimental set-up has been shown in Fig.2 .The main components of the experimental set up are, wooden rectangular double ducts comprising flow straightener and test section, G.I pipes, blower, control valve, orifice meter, U-tube manometer, and thermocouples etc. The total length of the rectangular duct is 3250 mm in which the flow straightener is of 1000 mm and the test section is of 2250 mm length respectively as shown in Fig.1 . The internal dimensions of both the lower and upper ducts are 2250 mm × 400 mm × 30 mm. The indoor experiment was conducted by using a halogen lamp (0-1500 W/m 2 ) as the source of radiation energy. The intensity of the lamp was varied from 750-1050 W/m 2 with the help of a regulator as per requirement of the experiment. Orifice meters have been used to measure the mass flow rates of air in the ducts, as well as the total mass flow rate of air flowing through the duct. The calibration of the orifice meter was done with the help of a calibrated orifice plate. Glass wool was used as insulating material at bottom of the test section to minimize heat losses to the surrounding. The temperature of the air at various positions of the test sections were measured by using calibrated J-type thermocouples. These thermocouples were connected to a data logger for digital display. The various positions of the thermocouples to measure air temperature are shown in Fig.3 . The side view of double flow packed bed solar air heater test section has been shown in Fig.4 .
Experimentation
Experiments were conducted on the set up consisting of double flow solar air heater ducts with blackened wire mesh packing in its upper duct and smooth absorber plate solar air heater in order to collect the data for analysis. A view of wire mesh is shown in Fig.5 .After inspection of correct functioning of all the instruments and the leak-proof of the joints, the blower was switched on. Five values of mass flow rates in the range of 0.016-0.036 kg/s were considered for each height of wire mesh packing. The mass flow rate of air was varied with the help of control valves. The mass flow rate in upper duct was fixed as 0.25M and in the lower duct, it was fixed at 0.75M, M is the total mass flow rate of air. After fixing the total mass flow rate at different fractions, the various values were recorded when the system approached quasi-steady state. In this study, the effect of packing height on the upper duct has been examined on the air temperature rise parameter and thermal efficiency. Also, the effect of an operating parameter such as mass flow rate has also been examined. For a given height of wire screens, the mass flow rate has been varied and outlet temperatures have been measured by thermocouples. 
Data reduction (A) Thermal and thermohydraulic (effective) performances
The collected data were used to calculate the rise in temperature of the air and thermal efficiency of double flow packed bed solar air heater with blackened wire screen packing in the upper duct. The equations used to calculate thermal efficiency are given below.
The useful energy gain by air in upper channel and lower channel are respectively,
and,
In calculations, the thermophysical properties of air were used corresponding to bulk mean temperature of air.
The Mechanical Power () 
where,
And C is the conversion factor that allows conversion of mechanical energy to equivalent thermal energy and is given by Th tr m f C     (14) By considering the value of ηTh as 0.35, ηtr as 0.92, ηm as 0.88 and ηf as 0.65, the value of "C" is obtained as 0.184 [29] .
The thermohydraulic or effective efficiency is calculated using the equation,
(B) Exergetic performance
This article focuses on the use of the concept of exergy analysis which is based on the combined first and second laws of thermodynamics.
The assumptions made in the analysis are: 1. Steady state condition prevails.
2. Negligible effect of potential and kinetic energies and no chemical reaction.
3. Air is an ideal gas with a constant specific heat, and it is almost dry.
4. The directions of heat transfer to the system and work transfer from the system are positive.
The mass balance equation can be expressed in the rate form as. m is the mass flow rate, and the subscripts 'in' stands for inlet and 'out' for outlet.
When the effects due to the kinetic and potential energy changes are neglected, the general exergy balances can be expressed as given below [15] , 
By substituting Eqs (22)- (24) into (21) 
The exergy destruction or the irreversibility may be expressed as given below 
The exergy efficiency of a solar air heating system can be evaluated by calculating the net output exergy of the system or exergy destruction in the system. Here the exergy efficiency of SAH system has been evaluated by considering net output exergy of the system. The second law efficiency is calculated as given below:
  
Uncertainty analysis
There are always possibilities of some errors in experimental measurements, in spite of the care taken during experimentation. Therefore, it is necessary to determine the maximum possible error in experimental measurements. The [30] . If the value of any parameter is calculated using certain measured quantities then the error in the measurement of ''y" (a parameter) is given as follow 0. 5  2  2  2  2   1  2  3  1  2  3 ..... 
RESULTS AND DISCUSSION
The thermal efficiency, effective efficiency and the second law efficiency (exergetic efficiency) of the double flow solar air heater having upper duct packed with wire mesh and the lower duct as unpacked and that of conventional collector have been calculated using the experimental data collected for various mass flow rates and the system parameters and are discussed below.
Results have been compared with that of a single flow smooth absorber plate solar air heater to assess the enhancement in thermal efficiency, air temperature rise, effective efficiency and second law efficiency of the system, operating under similar experimental conditions. Fig.6 represents the variation of thermal efficiency for the fraction R of total mass flow rate and different mass flow rate. Thermal efficiency increases with the increase in total mass flow rate. For a given mass flow rate, thermal efficiency decreases with the increase in the fraction of mass flow rate R. It can be seen from Fig.6 . that the maximum thermal efficiency has been achieved at the minimum fraction of total mass flow rate. The variation of Rise in air temperature in the upper duct and in the lower duct of double flow packed bed solar air heater with a mass flow rate of air has been shown in Fig.7 . The maximum temperature rise has been obtained in the upper duct with a bed height of 25 mm, while for the lower duct the temperature rise is almost constant. These happen due to high transfer coefficient between the air heat transferring surface in the upper duct and due to low heat transfer rate coefficient in the lower duct. Fig.8 . shows the variation of rise in temperature with a mass flow rate of air at different bed heights of double flow packed bed solar air heater. It is observed that for a given bed height, the rise in air temperature decreases with the increase in mass flow rate. The smooth solar air heater also shows the same trend. This is because at the higher mass flow rate the air velocity becomes high and unable to pick up heat within the short duration. Also, the rise in air temperature increases with the increase in bed height for a given mass flow rate of air. This occurs due to the fact that the value of the thermal capacity ( The evaluation of Effective efficiency includes both the evaluation of thermal energy gain by the flowing air and the pumping power needed to propel the air in the duct of SAH. Fig.10 shows the variation of effective efficiency with a mass flow rate of air at different bed heights. It is observed that the Effective efficiency increases with the increase in mass flow rate, attains the maximum value and then starts decreasing with further increase in mass flow rate at the bed height above 20 mm. At the highest bed height of 25 mm, the effective efficiency is the highest corresponding to the mass flow rate of air of 0.025 kg/s. The maximum enhancement in effective efficiency has been found in order of 1.98 times, 1.85 times and 1.54 times has been achieved at the mass flow rate of 0.016, 0.025 and 0.in036 kg/s respectively. The enhancement in effective efficiency reduces with mass flow rates because, after maxima, the effect of friction loss is dominating over the effect of heat conductance   hA , resulting in higher pressure drop and the decrease in effective efficiency. 
drastic fall in second law efficiency because the effect of friction loss is dominating over the effect of heat transfer rate. Before the mass flow rate of 0.025 kg/s, the effect of heat transfer suppresses the power absorbed in overcoming the friction losses. For the lowest mass flow rate of 0.016 kg/s, second law efficiency reaches a maximum efficiency of 2.78 % for absorber bed height of 25 mm. The second law efficiency of smooth absorber plate SAH also decreases with a mass flow rate of air but with a very slow rate. shows the variation of thermal efficiency and effective efficiency with mass flow rate for packed bed collector at a bed height of 25 mm and the smooth collector. It is clearly seen from the plot that the thermal efficiency of packed solar air heater increases with the increases in mass flow rate but the effective efficiency first increases and then decreases with the increase in mass flow rate. This is because up to a maximum gain of thermal energy the effect of friction loss is suppressed by the rate of heat transfer beyond that the power expended in overcoming the friction increases. The thermal and effective efficiencies, both increase with mass flow rate, as shown in Fig 12 for Figure 13 . Variation of Entropy generation with Mass flow rate at different wire mesh bed heights. Fig.13 . shows the variation of entropy generation with a mass flow rate of air at different bed heights of the packed bed collector. It is seen from the plot that the entropy generation increases with increase in mass flow rate for all of the bed heights of the packed bed collector. The entropy generation rate of the SAH increases with the decrease in height of the packed bed at a given mass flow rate of air, however, it increases drastically at a higher mass flow rate (beyond 0.025 kg/s) for the bed height=25 mm. At this bed height, the pressure drop along the packed bed collector increases. This is because the higher mass flow rate leads to a lower rate of heat transfer as compared to increase in friction power losses. The entropy generation rate is the highest and also has the least variation with a mass flow rate of air in case of smooth plate SAH. 16 shows the rise in air temperature ∆T as a function of bed height for various values of radiation intensity. The higher value of radiation intensity leads to higher value of rise in air temperature. This is because at higher value of radiation intensity more heat is absorbed by the absorber and also transferred to the air passing through it. 17 shows the variation of thermal efficiency with bed height for different intensity of radiation. As is obvious, the thermal efficiency increases with the increase in bed height for a given value of intensity of radiation. Also the thermal efficiency of air heater is the highest at the highest value of radiation intensity corresponding to a given bed depth. [27] , packed bed solar air heater [26] and single flow smooth absorber plate solar air heater [28] for specific values of bed height and intensity of radiation, an average deviation of  3.57% in thermal efficiency for the smooth solar air heater (present work) and that of the [28] has been found. A maximum enhancement of 37.5% and 46.7% in thermal efficiency for double flow with finned absorber plate [28] and that of the single flow with wire screens packed bed solar air heaters respectively has been found at the total mass flow rate of 0.0164 kg/s. This shows that the use of double flow packed bed solar air heater having wire screens as a porous absorber in upper duct has better performance than double flow solar air heater, with finned absorber plate and that of single flow wire screen packed bed solar air heater. Also in comparison to smooth solar air heater, an enhancement of 2.11 times in thermal efficiency at lowest mass flow rate has been noticed. The variation of thermal efficiency with mass flow rate for the present investigation follows the same trend as those of other SAHs, [26] [27] [28] , which validates the results of the present investigation.
VALIDATION OF EXPERIMENTAL ANALYSIS
CONCLUSION
On the basis of experimental analysis of the double flow, solar air heater having the wire mesh packing in the upper duct and lower duct unpacked and a single flow smooth absorber plate SAHs, the following conclusions can be drawn:
1. An enhancement in the thermal efficiency and temperature rise parameter of double flow collector having its upper duct packed with wire mesh absorber can be obtained up to 1.51 and 2.03 times respectively corresponding to a given height of packing and mass flow rate of air in the duct.
2. Thermal efficiency, effective efficiency and second law efficiency (exergetic efficiency) strongly depends on the wire mesh packed bed height of a double flow packed bed SAH. The maximum value of thermal efficiency, effective efficiency, and exergetic efficiency are found as 60.11%, 54.8% and 2.75% at the bed height of 25 mm respectively.
3. The increase in mass flow rate of air through the collector duct not only increases the thermal efficiency but also increases the pressure drop and thus reduces the effective efficiency.
4. The entropy generation rate of the double flow packed bed SAH decreases with the increase in bed height for a given mass flow rate of air. It has the lowest value for a bed height of 25 mm corresponding to mass flow rate of 0.016 kg/s but it increases drastically beyond the mass flow rate of 0.025 kg/s. 5. The double flow air heating collector with wire mesh packing in upper duct has higher thermal efficiency than the double flow finned absorber and also than the single flow wire screen packed bed solar air heater as well as single flow smooth absorber plate solar air heater.
